A total of 56 TAC clones with an average insert size of 100 kb were isolated from a TAC library of the Lotus japonicus genome based on the expressed sequences tags (ESTs), cDNA and gene information, and their nucleotide sequences were determined according to the shot-gun based strategy. The total length of the sequenced regions is 5,473,195 bp. By comparison with the sequences in protein and EST databases and analysis with computer programs for gene modeling, a total of 605 potential protein-encoding genes with known or predicted functions, 69 gene segments, and 172 pseudogenes were identified. The average density of the genes assigned so far is 1 gene/8120 bp. Introns were identified in approximately 78% of the potential genes. There was an average of 3.8 introns per gene and the average length of the introns was 375 bp. DNA markers were generated based on the nucleotide sequences obtained, and each clone was mapped onto the linkage map using the F 2 mapping population derived from a cross of L. japonicus Gifu B-129 and Miyakojima MG-20. The sequence data, gene information and mapping information are available through the World Wide Web at http://www.kazusa.or.jp/lotus/.
Introduction
The accumulation of a large quantity of information on the genome and gene structures, together with thousands of expressed sequence tags (ESTs), is drastically changing the strategy of plant genetics. The most recent notable accomplishment in this regard is the completion of sequencing the Arabidopsis thaliana genome.
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Now that the information on the entire genome structure is available, the systematic functional analysis of A. thaliana genes will certainly be a popular and promising field. Nevertheless, other plant species have their own characteristics and advantages which make them useful for the study of individual phenomena. And, the application of knowledge from A. thaliana to other plant species and vice versa will increase our understanding of the genetic systems in all plants.
Legumes comprise 18,000 diverse species with a variety of characteristics. Many of them have long been targets of plant breeding because of their agronomic importance. In addition, a few species have been chosen as "model Communicated by Mituru Takanami * To whom correspondence should be addressed. Tel. +81-438-52-3933, Fax. +81-438-52-3934, E-mail: tabata@kazusa.or.jp legumes" to perform genetic and physiological studies on legume-specific phenomena such as plant-microbe interactions and symbiotic nitrogen fixation. Lotus japonicus is a typical model legume with the following characteristics: short life cycle (2-3 months), self-fertility, diploidy (n = 6), and small genome size (472.1 Mb). [2] [3] [4] Mutants in various processes of symbiosis and nitrogen fixation have been isolated, [5] [6] [7] and genes specifically expressed during these processes have been characterized utilizing the established transformation system. [8] [9] [10] A large number of ESTs have been accumulated [11] [12] [13] and high-density linkage maps of all 6 chromosomes have been generated. 14 To understand the genetic system of legume species and to facilitate isolation and characterization of genes responsible for legume-specific phenomena, we initiated large-scale sequencing of the L. japonicus genome. We started sequencing from multiple points of the genome by selecting the genomic clones carrying the genes corresponding to a variety of ESTs, cDNAs and gene segments. The sequenced clones were then genetically localized onto the linkage map using the markers generated utilizing the sequence information obtained. In the present paper, we report sequence features of a total of Sequencing of a Lotus japonicus Genome [Vol. 8, 5, 473, 195 bp of the L. japonicus genome, which were carried by 56 genomic clones genetically mapped onto the 6 chromosomes.
Materials and Methods

Genomic libraries
High-molecular-weight DNA was isolated from L. japonicus accession MG-20 according to the method described by Zhang et al. 15 The DNA was partially digested with Mbo I or HindIII and size fractionated in the 100-to 150-kb size range by pulsed-field gel electrophoresis. The recovered DNAs were ligated with BamHI-or HindIII-digested pYLTAC7. 16 The ligated DNAs were then used for transformation of E. coli DH10B by electroporation, and transformants were selected on LB agar plates containing 25 µg/ml kanamycin and 5% sucrose. The average insert sizes were 87 kb, 96 kb, 105 kb, and 106 kb for four independent preparations, the total of which is 7.7 haploid genome equivalents. The TAC libraries thus generated were arrayed in ninety-three 384-well microtiter plates, and 48 DNA pools, each containing 384 clones, were subjected to PCR screening.
Clone isolation
EST-associated TAC clones were isolated as follows. Oligonucleotides were synthesized on the basis of nucleotide sequences of the public ESTs and cDNAs from L. japonicus, a LjENBP1 gene (provided by J. Stougaard), and a symbiosis-induced lipase-like gene (provided by M. Parniske), as listed in Table 1 . Using the synthesized primers, the TAC libraries were screened for each EST sequence by PCR according to the three-dimensional pooling method. The nucleotide sequences of the PCR products were determined and compared with those of the corresponding ESTs to confirm the authenticity of screening.
DNA sequencing and data assembly
The nucleotide sequence of each TAC insert was determined according to the bridging shotgun method described previously. 17 Briefly, the TAC DNAs were subjected to sonication followed by size-fractionation on agarose gel electrophoresis. Fractions of approximately 1.0 kb and 2.5 kb were cloned into M13mp18 and named libraries of element clones and bridge clones, respectively. The element clones were propagated on microtiter dishes and single-stranded DNA was prepared for the sequencing reaction. For the bridging clones, each insert was amplified by PCR and used as a template.
Sequencing was performed using the cycle sequencing kits (Dye-terminator Cycle Sequencing kit of Applied Biosystems, USA) with DNA sequencer type 377XL (Applied Biosystems, USA) according to the protocol recommended by the manufacturer. The single-pass sequences deduced for one strand of element clones and those for both ends of bridge clones, the total of which corresponded to about 6 times the equivalent of an insert, were assembled using Phred-Phrap programs (Phil Green, Univ. Washington, Seattle, USA). After extension of the termini of each contig by the primer extension method followed by re-connection, most of the TAC inserts were assembled into 1 to 3 contigs with more than 95% coverage of either both strands or multiple reads on one strand. A lower threshold of acceptability for the generation of consensus sequences was set at a Phred score 20 for each base.
Computer-assisted data analysis
For assignment of the protein-coding regions and gene modeling, similarity search and computer prediction were performed as described previously. 17 Briefly, similarity search against the non-redundant protein sequence database nr (compiled by NCBI) was carried out using the BLASTX program. 18 In parallel, the positions of potential protein-encoding regions were predicted with the Grail, 19 GENSCAN 20 and NetGene2 21 computer programs. The transcribed regions were assigned by comparison of the nucleotide sequences with L. japonicus ESTs both in-house and in the public databases using the BLASTN program. 18 All the results obtained were compiled with the aid of our new web-based tool, named KAPSEL (Kazusa Annotation Pipeline SystEm for Lotus genome sequencing project; manuscript in preparation), then assignment of the potential protein coding genes was carried out by taking both similarity to known genes and computer prediction into consideration.
The RNA-coding regions were assigned on the basis of sequence similarity to the reported structural RNAs. For tRNA genes, prediction by the tRNAscan-SE program 22 was also taken into account.
DNA marker generation and linkage analysis
For generation of DNA markers, simple sequence repeats (SSRs) such as (AT)n, (GT)n, and (AAT)n of ≥ 15 bp were searched on the TAC nucleotide sequences determined. Primer pairs were then designed using the Consed program 23 on the flanking sequences of each SSR so that amplified fragment sizes were in the range 100 bp to 220 bp. PCR was performed in a total volume of 10 µl containing 20 ng of L. japonicus genomic DNA, 1 × PCR buffer (TaKaRa Shuzo, Japan), 1 unit of TaKaRa Taq (TaKaRa Shuzo, Japan), 0.2 mM dNTPs and 0.5 µM of each designed primer. Reactions were run on a PE9600 with the following program: 2 min at 94
• C, then 30 cycles of 45 sec at 94
• C, 45 sec at 55 • C and 2 min at 72 • C, followed by a final 10-min extension at 72
• C. PCR products were resolved on a 3% MetaPhor agarose gel (BMA, USA), and the primer sets giving a polymorphism be- tween the parents of the mapping population, accessions Miyakojima MG-20 and Gifu B-129, were selected and used for scoring 127 F 2 mapping populations.
14 In cases where no simple sequence repeat length polymorphism (SSLP) was found, single nucleotide polymorphisms (SNPs) between the parental genotypes were searched. Oligonucleotides were designed based on the sequence information of the TAC clones, mostly from intergenic regions, and the corresponding regions of the genome of the accession Gifu B129 were amplified by PCR, followed by sequence analysis. If SNPs were identified by comparing the sequences between two parents, they were converted into derived cleaved amplified polymorphic sequence (dCAPS) markers facilitated by the dCAPS finder program. 24 PCR reactions were performed using the same condition used for amplification of SSR markers. Aliquots of the PCR product (10 µl) were digested for 2 hr in 15 µl (total volume) with 2-5 units of the appropriate restriction endonuclease, and the reaction mixture was analyzed on a 3% MetaPhor agarose gel to detect polymorphisms.
Analysis of segregation data for SSR and dCAPS markers and linkage map integration were carried out using the F 2 mapping population of accessions Miyakojima MG-20 and Gifu B-129, as described in the accompanying paper. 
Results and Discussion
Isolation and sequencing of TAC clones
TAC clones which contain the DNA regions corresponding to 56 ESTs, cDNAs and a gene segment listed in Table 1 were isolated by screening the three-dimensional DNA pools of TAC genomic libraries of L. japonicus MG-20 by means of PCR. The nucleotide sequence of each TAC insert was deduced according to the modified shotgun method, as described in Materials and Methods. Regions were left as gaps where the data quality does not meet the requirements for the generation of consensus sequences, mostly due to the presence of heavily repetitive sequences and secondary structures. After confirmation of the relative positions and directions of the contigs by amplification of gap regions by PCR, the sequence of each TAC insert was registered as a multiple contig.
The length of the nucleotide sequence of each TAC insert finally determined is listed in Table 1 . The total length of the DNA regions sequenced in this study was 5,473,195 bp. The average GC content was 36%.
Assignment and structural features of potential
protein-and RNA-coding regions The assignment of potential protein coding regions and gene modeling were performed by a combination of similarity search and computer prediction, as described in Materials and Methods. The possibility still remains that additional genes may be discovered among the intergenic regions in the future. The genes thus assigned were denoted by numbers with the clone names followed by sequential numbers from one end of the insert to the other. When a clone was divided into multiple contigs, contig numbers (a, b, -) were inserted after the clone name. The gene organization in each TAC clone, the structure of each gene, and gene information are presented in our L. japonicus genome database at http://www.kazusa.or.jp/lotus/. To sum up, complete structures of 605 potential protein-encoding genes were deduced in regions of the genome totaling 5,473,195 bp. In addition, partial structures of 69 potential proteincoding genes at the terminal regions of the clones and the contigs, and 172 pseudo genes which contain either frameshifts or termination codons in the original coding regions, were identified.
Six hundred and five potential protein-encoding genes were estimated to amount for approximately 1.1% of the total gene constituents by dividing the total genome size (472 Mb) by the size of the regions sequenced, but this percent is probably an underestimate for the following reasons. Firstly, the clones sequenced in this study were likely to be derived from gene-rich regions of the genome because they were selected based on the ESTs, namely the expressed sequences. Secondly, Ito et al. reported that significant portions of the prometaphase chromosomes of L. japonicus are either heavily or moderately condensed, 4 strongly suggesting the presence of regions rich in repetitive sequences and poor in protein-encoding genes in the genome. Therefore, we speculate that the genes identified in this study represent more of the gene constituents than simply calculated.
The general features of the 605 genes in L. japonicus whose complete structures were deduced, along with those of A. thaliana, are listed in Table 2 . The average length of the coding exons (266 bp) and the average number of introns per gene (3.8 introns) were quite similar between the genes of the two plant species. However, the average length of genes including introns (2712 bp) was longer in L. japonicus than in A. thaliana (1918 bp) due to a longer average intron length in L. japonicus. The average gene density of the sequenced regions of the L. japonicus genome was one gene in every 8120 bp, one-half that of A. thaliana. It should be noted that this may be an overestimate because, as described previously, it is quite likely that the clones containing the genomic regions of higher gene contents were preferentially selected and sequenced in this study.
RNA-coding regions were assigned on the basis of sequence similarity to the reported structural RNAs, and also by prediction with the tRNAscan-SE program 22 for tRNA genes.
As a result, a total of seven tRNA genes corresponding to seven amino acid species, tRNA-Pro(AGG), Arg(CCT), Met(CAT), Lys(CTT), Ala(CGC), Leu(CAA), and Glu(TTC), were identified. Structural features of the potential protein coding genes assigned so far are listed:
The 605 genes are assigned in this study a) and the 6,451 genes b) previously assigned potential protein genes in our A. thaliana genome sequencing project. Average values are shown in parentheses. They are denoted by numbers with the clone names followed by "r" and sequential numbers.
Functional assignment and characteristic features of potential protein-encoding genes 3.3.1. Functional assignment
Similarity search of the 605 potential protein-encoding genes against the nr databases indicated that 187 (31%) were homologues of genes of known function, 200 (33%) showed similarity to hypothetical genes, mostly of those in A. thaliana, and the remaining 218 (36%) showed no significant similarity to any registered genes.
The potential protein-encoding genes whose function could be anticipated were grouped into 14 categories with respect to different biological roles, according to the principle of Riley. 25 The numbers of genes in each category are summarized in Table 3 , and the name of each gene is listed in the L. japonicus genome database at http://www.kazusa.or.jp/lotus/.
Expression of potential protein-encoding genes
The transcriptional level of each of the potential protein-encoding genes was roughly monitored by count- 
Retroelement-related genes
Of the 846 potential protein-encoding genes and gene segments, 161 (19%) were related to retroelements (gag and pol). The average density of such retroelement-related genes was one in every 34 kb. It is noteworthy that 126 of these 161 genes were pseudogenes which contain frameshifts or termination codons within the coding regions.
Redundant genes
Tandemly repeated gene arrays were often found in the sequenced regions of the L. japonicus genome. These include genes for phenylalanine ammonia-lyase 1 (LjT07E11b.4,LjT07E11b.6,LjT07E11b.7,LjT07E11b.9), minor extracellular protease VPR precursor (LjT14G02.2, LjT14G02.3, LjT14G02.5), alphal-arabinofuranosidase A precursor (LjT 04C07a.5, LjT04C07a.6 [partial], LjT04C07b.4, LjT04C07b.5 [partial]), and eukaryotic initiation factor (ISO)4F subunit P82-34 (LjT16K17a.8, LjT16K17a.9).
The genes showing sequence similarity to that for anther-specific proline-rich protein APG also formed the tandem arrays: (LjT09C23.6, LjT09C23.7, LjT09C23.9), (LjT07K08b.8, LjT07K08b.9), and (LjT31L24a.8, LjT31L24a.9, LjT31L24a.10; LjT31L24b.1, LjT31L24b.2; LjT31L24c.1, LjT31L24c.2, LjT31L24c.3, LjT31L24c.4). A characteristic feature of these genes is the presence of the "GDSL" family lipase motif, which is found both in prokaryotes and eukaryotes, and is thought to be involved in the regulation of development and morphogenesis in plants. 26 Genes with this motif appeared much more frequently in L. japonicus than in A. thaliana, where only 23 out of 25,754 genes contain this motif.
Linkage mapping of TAC clones
The sequenced clones were genetically localized onto the genetic linkage map of L. japonicus, as described in Materials and Methods. Two types of PCR-based DNA markers, SSLP and dCAPS, were generated utilizing the sequence information of each clone, and mapping was performed using the F 2 population of two accessions of L. japonicus, Miyakojima MG-20 and Gifu B-129. Primer sequences for PCR, product sizes for both accessions, restriction enzymes for digestion, and expected fragment sizes are listed in Tables 4 and 5 . Out of 56 generated markers, 43 were SSLP and the remaining 13 were dCAPS, and all of these markers except one (TM0011) were co-dominant markers.
The mapping results were integrated onto the linkage map in the accompanying paper, 14 as shown in Fig. 1 . Segmental translocation occurs between chromosome 1 of Gifu B-129 and chromosome 2 of Miyakojima MG-20. The map in Fig. 1 was illustrated according to the map of MG-20 and the translocated region is indicated by a gray bar. The information on the DNA markers and on the surrounding DNA sequences generated in this study will be extremely useful for mapping and isolation of target genes in L. japonicus. We will continue collecting both sequence and marker information according to the procedures used in this study.
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